Objective: To identify a marker for completeness of resection and recurrent disease in patients with esophageal cancer.
tial follow-up, the plasma DNA levels remained higher than normal in 2 (10%) of 20 patients, and systemic disease was subsequently detected in each. Plasma DNA levels dropped lower than or remained normal in 18 (90%) of 20. In 14 of 18 patients, there was no evidence of recurrent disease at a median of 12 months (range, 3-20 months); in 4 patients, the plasma DNA level rose higher than normal on follow-up and all developed subsequent systemic disease on computed tomographic or positron emission tomographic scan. Six of the 20 patients developed systemic disease during the follow-up (2 had persistently elevated plasma DNA levels, and 4 developed elevated plasma DNA levels at subsequent follow-ups). In 4 of these 6 patients, elevated plasma DNA levels were detected prior to imaging evidence of disease.
Conclusions: Plasma DNA levels are significantly elevated in patients with esophageal cancer and following complete resection should return to normal. Persistently elevated plasma DNA levels after resection or levels that rise on follow-up indicate residual or recurrent disease.
Arch Surg. 2007; 142:533-539 E SOPHAGEAL CANCER IS THE seventh leading cause of death among American men 1 and is the sixth leading cause of death from cancer worldwide. 2 The incidence in the United States is rising and in 2000 was 3.7 patients per 100 000 population. 3 Esophagectomy remains the gold standard for the treatment of esophageal cancer; however, 50% of the patients are unable to undergo surgery because of locally advanced or systemic disease. 1 Among the patients who undergo primary surgery, the rate of recurrence in the first 5 years is reported to be 40% or higher. [4] [5] [6] [7] The lack of precise preoperative staging is a major difficulty. Staging accuracy rates for regional lymph node metastases using endoscopic ultrasound varies from 70% to 80% [8] [9] [10] ; computed tomographic (CT) scan, from 40% to 73% 11, 12 ; and positron emission tomographic (PET) scan, from 48% to 76%. 9, 11, 13 Accuracy rates for the preoperative detection of distant organ metastasis are reported to be 74% 9 to 84% 14 for PET, with substantially lower rates for CT scan. 11, 14, 15 A significant predictor of survival is an R0 resection, which is removal of all existent disease. Determining if a resection has removed all existing disease is problematic since the spread of the disease to the regional nodes is sufficiently wide that unrecognized disease could be left behind. A need exists for a more specific marker to quantitate this disease.
Prior studies have shown that a plasma DNA level is present in healthy individuals. 16, 17 DNA levels are significantly higher in patients with malignancies such as breast, 18 lung, 19 liver, 20 and prostate. 21 To our knowledge, there have been no studies evaluating plasma DNA levels in patients with esophageal cancer.
The purpose of our study was to measure the plasma DNA level in patients with esophageal cancer and assess its value as a marker for the extent of disease, the completeness of resection, and recurrence of disease after resection.
METHODS

STUDY POPULATION
The study population consisted of 44 healthy subjects, 26 men and 18 women with a median age of 33 years (range, 26-53 years), and 45 patients with esophageal cancer, 40 men and 5 women with a median age of 57 years (range, 46-88 years). Three patients had squamous cell carcinoma and 42 had adenocarcinoma. All patients were evaluated with CT, PET scan, and endoscopic ultrasound and considered to be resectable. Blood samples were obtained in all patients prior to surgery. Twelve patients received neoadjuvant therapy prior to obtaining their preoperative blood sample. Twenty resected patients had subsequent blood samples drawn at 3-to 6-month intervals after esophagectomy for a median follow-up of 12 months (range, 3-20 months). Plasma DNA levels were not obtained in the remaining 19 resected patients because 2 patients died during the hospitalization, 14 patients refused blood draws after surgery, and we were not able to contact 2 patients. Twenty-one patients were willing to participate in the study after hospital discharge and had follow-up blood draws; 1 of these 21 specimens was hemolyzed. Therefore, 20 (51%) of 39 patients had useable postoperative plasma DNA levels. All patients were clinically followed up with CT scan at 3-month intervals and yearly PET scans.
The study was approved by the investigational review board of the University of Southern California.
PLASMA SAMPLE COLLECTION
Ten-milliliter blood samples were withdrawn from a peripheral vein and placed in EDTA-containing tubes from 45 consecutive patients with resectable esophageal cancer diagnosed at the Department of Surgery of the University of Southern California. Similarly, blood was drawn from 44 healthy subjects. Twenty patients had follow-up blood draws after esophagectomy.
DNA ISOLATION AND QUANTIFICATION
DNA isolation and quantification were performed according to a specific protocol of Response Genetics Incorporated (Los Angeles, Calif ). Blood samples were processed within 30 minutes of draw time. Whole blood was centrifuged at 1650 rpm at 20°C for 20 minutes. The plasma supernatant was micropipetted off the surface with special attention to prevent white blood cell contamination of the plasma by micropipetting only at the surface of the supernatant. The plasma samples were stored at −30°C.
Four hundred microliters of plasma from each sample were mixed with 400 µL of 1% sodium dodecyl sulfate, 1 µL of salmon sperm DNA, and 20 µL of proteinase kinase and then heated at 58°C for 75 minutes for protein denaturing. DNA was isolated using 800 µL of solution containing phenol (pH 8), chloroform, and isoamyl alcohol (250:50:1), which was added to each specimen, vortexed, and placed on ice for 15 minutes. The samples were centrifuged at 13 000 rpm for 10 minutes at 4°C and the aqueous supernatant was precipitated using 5 µL of glycogen and 600 µL of isopropanol. The pellet was washed with 500 µL of 75% ethanol and centrifuged again at 13 000 rpm for 10 minutes at 4°C. The ethanol was removed and the pellets were air-dried for 15 minutes. The samples were resuspended in 60 µL of 5mM Tris buffer and stored at 4°C.
DNA quantification was performed using a fluorescencebased real-time polymerase chain reaction system (ABI PRISM 7900 Sequence Detection System [TaqMan]; Perkin-Elmer Applied Biosystems, Foster City, Calif ). The sample DNA concentration was determined by amplifying genomic DNA-specific ␤-actin. The forward primer, reverse primer, and probe sequences, respectively, for ␤-actin were as follows: AGGTTGGGGAAGTTTGTTTTTG; C C A C C A C C C A A C A C A C A A T A ; a n d 6 F A M -TGGGGTGGTGATGGAGGAGGTTTAMRA.
The polymerase chain reaction mixture consisted of 1200nM each primer, 200nM probe, 0.4 U of AmpliTaq Gold Polymerase, 200nM each deoxyadenosine triphosphate, 2-deoxycytidine-5-triphosphate, deoxyguanosine triphosphate, and deoxythymidine triphosphate, 3.5mM magnesium chloride, and 1 ϫ TaqMan Buffer A containing a reference dye to a final volume of 20 µL (all reagents from Perkin-Elmer Applied Biosystems). Cycling conditions were 50°C for 2 minutes and 95°C for 10 minutes, followed by 46 cycles at 95°C for 15 seconds and 60°C for 1 minute. Final sample DNA concentration was calculated in nanograms per milliliter by referencing the amplification characteristics of serially diluted commercial genomic DNA with known concentrations.
STATISTIC ANALYSIS
Standard statistical descriptive techniques were used to analyze the healthy subjects' plasma DNA levels. The 95th percentile was calculated and used for the upper limit of normal values. Patient DNA was compared with the normal values using the Wilcoxon signed rank method. Differences in groups were analyzed using the nonparametric technique (KruskalWallis) and a P value of .05 was used to determine statistical significance. Values reported are medians and interquartile ranges unless otherwise specified. Statistics were performed using Stata 9 (StataCorp, College Station, Tex).
RESULTS
Normal plasma DNA levels are shown in Figure 1 . The 95th percentile in healthy subjects was 19 ng/mL. Prior to esophagectomy, patients with cancer had significantly higher levels of plasma DNA compared with healthy subjects (P = .001), and 38 (84%) of 45 patients exceeded the normal level.
Of the 12 patients who received neoadjuvant therapy, 11 had plasma DNA levels higher than normal prior to surgery. Six patients were found to have systemic metastasis at the time of surgery and were not resected. Four had liver nodules, 1 had pulmonary nodules, and 1 had peritoneal implants. Plasma DNA levels were higher in unresectable than resectable patients, and both were higher than healthy subjects (Figure 2 At initial follow-up after esophagectomy, plasma DNA levels dropped lower than or remained normal in 18 (90%) of 20 patients (Figure 3) . In 2 patients (10%), plasma DNA levels remained higher than normal at first follow-up after esophagectomy, and in both patients, evidence of disease was found in the liver on CT and PET scan on subsequent follow-up. Both patients received chemotherapy and subsequently died of disseminated esophageal cancer.
Of the 18 patients who had normal plasma DNA levels on the first follow-up after esophagectomy, the plasma DNA levels rose higher than normal in 4 at subsequent followup, and all 4 showed evidence of recurrent disease on CT or PET scan. One patient had enlarged left supraclavicular lymph nodes (plasma DNA level rose from 14 ng/mL on follow-up 1 to 30.3 ng/mL on follow-up 2), one had enlarged periaortic lymph nodes (plasma DNA level rose from 7 ng/mL on follow-up 1 to 66 ng/mL on follow-up 3), one had enlarged celiac lymph nodes (plasma DNA level rose from 9 ng/mL on follow-up 1 to 31.4 ng/mL on follow-up 4 and 52.2 ng/mL on follow-up 5), and one had multiple pulmonary nodules (plasma DNA level rose from 10 ng/mL on follow-up 1 to 35.9 ng/mL on follow-up 4 to 37.3 ng/mL on follow-up 5).
In the remaining 14 patients with normal plasma DNA levels, there was no evidence of recurrent disease on CT and/or PET scan after a median follow-up of 18 months (range, 6-25 months). Ten of these 14 patients subsequently had further plasma DNA level determinations, and in all 10, plasma DNA levels remained normal and all were free of disease on CT and PET scan at a median follow-up of 12 months (range, 3-20 years).
Overall, 12 of 45 patients developed systemic disease: 6 discovered at surgery, 2 at initial follow-up, and 4 at subsequent follow-up. All had elevated plasma DNA levels. Of the 20 patients who had sequential plasma DNA levels, 6 developed systemic disease during the follow-up (2 had persistently elevated plasma DNA levels at initial follow-up, and 4 developed elevated plasma DNA levels at subsequent follow-ups). In 4 of these 6 patients, elevated plasma DNA levels were detected prior to imaging evidence of disease.
In summary, all the patients who developed systemic disease had elevated DNA levels and all patients with elevated plasma DNA levels on follow-up had recurrence of persistent disease. All patients with a normal plasma DNA level on follow-up were free of disease. 
COMMENT
Previous studies have shown that plasma DNA levels can be measured in healthy subjects. Steinman 16 reported a plasma DNA level between 10 and 30 ng/mL in healthy subjects and Leon et al 17 reported a 93rd percentile value in healthy subjects of 25 ng/mL. These values are similar to our 95th percentile value of 19 ng/mL.
Evidence is emerging that plasma DNA levels higher than normal are a common event in solid organ malignancies; Silva et al 18 21 a median level of 27.1 ng/mL in prostate cancer. Our study shows that elevated DNA levels also occur in esophageal cancer. Consequently, plasma DNA levels may provide a means to quantify the extent of tumor spread, the completeness of resection, and the recurrence of tumor following complete resection of solid organ malignancies.
Despite the common finding of elevated plasma DNA levels in solid organ cancers, we were unable to find an association between the plasma DNA levels with tumor size, depth of tumor penetration, or the number of involved lymph nodes removed. Similarly, Leon et al 17 showed no association of DNA levels with tumor size and location but did show, as we did, significantly higher DNA levels in patients with metastasis. The conclusion from the earlier-mentioned studies is that plasma DNA levels are elevated in patients with solid organ malignancies and are higher when systemic metastasis occurs.
Contrary to our study and all the earlier-mentioned studies, Herrera et al 22 found no difference between plasma DNA levels of asymptomatic volunteers and patients with gastroesophageal reflux disease vs patients with esophageal cancer. They had a similar population (with 32 adenocarcinoma and 6 squamous) and used the same human ␤-actin gene as our study. An explanation for the discrepancy in their results and ours may be due to the dissimilarity between their control group size and composition. The number of asymptomatic volunteers in their study was 11 compared with 44 in our study. Furthermore, 51 subjects in their control group were patients with gastroesophageal reflux disease, whereas our control group contained no patients and comprised entirely asymptomatic volunteers. In our study, all the blood samples were collected prospectively, whereas in the Herrera et al study, 22 20 of the 58 samples analyzed were from banked blood. None of the patients in their study received neoadjuvant therapy prior to initial blood draws; meanwhile, 12 of our patients had completed neoadjuvant therapy at the time of initial blood draw.
We found that patients with esophageal cancer had significantly higher levels of plasma DNA and that after complete resection of the tumor, the plasma DNA level returned to normal. Failure to do so would indicate that the resection was incomplete. Indeed, the 10% of patients who had persistently elevated plasma DNA levels on their first follow-up visit after esophagectomy had residual disease identified.
The development of an elevated plasma DNA level during follow-up indicated recurrent disease. This occurred in 22% of our patients who were followed up sequentially with plasma DNA levels and recurrent disease was found in all. In the majority of these patients, the elevated plasma DNA level preceded imaging evidence of disease.
Taken together, these findings suggest that the plasma DNA level is a valuable tool for the surgeon. It can raise concerns about possible occult systemic metastasis in patients with high levels prior to surgery. A return of the plasma DNA level to normal after esophagectomy indicates an R0 resection, whereas persistent elevated levels suggest incomplete resection. A rise in the plasma DNA level higher than normal during follow-up in patients who previously had normal levels after surgery suggests recurrent disease. In these patients, there may be a need for chemotherapy despite normal postoperative CT or PET scan results.
The origin of the plasma DNA is unknown. Tissue and cell injury do take place under normal physiological and pathological conditions and it can be expected that some intracellular material such as DNA may be released into the circulation under both conditions. Indeed, DNA can be detected in blood samples from patients with nonmalignant disease, such as systemic lupus erythematosus and rheumatoid arthritis, or after surgical trauma. Further, Anker et al 23 showed that human blood lymphocytes in culture spontaneously release DNA without previous stimulation. They hypothesized that, in healthy volunteers, circulating DNA is released from lymphocytes and other nucleated cells. 24 It is not known why patients with cancer have elevated levels of plasma DNA. Several hypotheses have been mentioned in the literature, including one proposed by Schwarzenbach et al 25 that postulates that a large proportion of the plasma DNA in patients with cancer is derived from tumor cells. Derivation of plasma DNA directly from tumor, however, is only part of the equation, since Stroun et al 26 showed that in a portion of the plasma DNA no tumor-related markers could be found. Consequently, a portion of plasma DNA presumably originates from nonmalignant host cells. Plasma DNA could be released from necrotic tumor cells. Support for this hypothesis is the observation that higher DNA levels have been found in patients with larger tumors. 27 Opposed to this hypothesis is the observation that the plasma DNA level decreases in response to radiation therapy. 17 One would expect that effective therapy would increase the plasma DNA level because of the destruction of tumor cells. Circulating DNA in the plasma of patients with cancer could derive directly from micrometastasis shed from the tumor directly into the circulation, but Giacona et al 28 showed that in pancreatic cancer, thousands of tumor cells need to be present in 1 mL of plasma for the plasma DNA level to be detectable, which far exceeds the usual number of circulating micrometastasis found in patients with cancer. Finally, if DNA is released from the host cells in response to the pressure of the tumor on the surrounding host tissue, one would expect that larger tumors would have higher plasma DNA levels. Our and several other reported studies do not support this hypothesis in that all have not found an association between the size of tumor and the plasma DNA level.
In summary, analysis of circulating DNA in plasma is a promising noninvasive diagnostic tool. It requires only a limited blood sample and a relatively simple blood test based on a single marker and is potentially applicable to large-scale trials. It requires specialized technical skills for isolation and extraction of DNA, and careful attention must be given during the isolation of the plasma not to include the nucleated cells, which could give an erroneous result. Hemolyzed specimens should not be used since hemolysis results in cell death and may falsely increase plasma DNA levels. We used one centrifugation system, but a 2-step centrifugation including microcentrifugation has been used by other investigators. 29 The fact that we had follow-up in only 20 patients (51% of resected patients) may result in a selection bias and decrease the power of the study, but we believe that this tumor marker has the potential to enable health care professionals to identify the group of patients with residual disease or early recurrent disease after esophagectomy. A larger number of patients, longer follow-up, and standardization and refinement of DNA isolation and extraction techniques would be necessary to consider this molecular marker as a standard diagnostic tool in the diagnosis and treatment of patients with esophageal cancer. 
DISCUSSION
Mark Talamonti, MD, Chicago, Ill: The authors present data examining the relative presence of circulating plasma DNA between 44 normal healthy volunteers and 45 patients with various stages of esophageal cancer. After establishing statistically significant differences in the median plasma levels of circulating DNA between normals, patients with resectable disease, and patients with advanced disease, the authors then test the utility of this biomarker in the staging of esophageal cancer as a measure of completeness of resection and as a marker for recurrence after esophagectomy. Their data suggest the quantity of free plasma circulating DNA after resection may have prognostic significance. The fact that the assay is relatively straightforward, inexpensive, and can be done on a small sample of blood makes this a potentially useful biomarker and worthy of investigation. I have 3 questions for the authors. First, plasma DNA levels were generally sensitive in distinguishing between normals, patients with resectable tumors, and patients with metastatic or advanced disease, yet little was mentioned of any correlation with tumor size, tumor stage, or nodal status. While being able to predict residual or recurrent disease is impressive, its value is somewhat limited by the fact that we do not yet have effective salvage therapy for these patients. More valuable would be the ability of the test to provide pretreatment molecular staging, since many of these patients are now being considered for neoadjuvant clinical trials. So was there any correlation between preoperative DNA levels and postoperative pathologic tumor and nodal staging in patients who were not treated preoperatively with chemoradiation? Which also leads to my second question: 2 recent longitudinal studies from the MD Anderson Cancer Center and a second from the Memorial Sloan-Kettering Cancer Center have demonstrated that the extent of pathologic downstaging to neoadjuvant therapy is highly significant and an independent predictor of both disease-free survival and overall survival. Twelve of your patients received neoadjuvant therapy, and following treatment, 11 of the 12 still had levels above normal prior to surgery. In these 12 patients, to what degree did plasma DNA levels change before and after neoadjuvant therapy and did this delta correlate with the extent of downstaging between your pretreatment clinical tumor and nodal stage and the final pathologic tumor and nodal stage? If so, then this test might become a useful predictor of survival as a molecular measurement of treatment response to neoadjuvant therapy.
Similarly, some of the patients in your series developed recurrent disease or were found to have metastatic disease at operative staging. I imagine that some of these patients then went on to systemic chemotherapy treatments under the direction of your medical oncologist. Did you see any treatment response to plasma DNA levels after the patients were started on systemic chemotherapy?
Finally, my last question has to do with the remarkable association between persistently elevated plasma DNA levels after resection and residual disease or levels that rose on follow-up and the ultimate manifestation of recurrent disease. Now, circulating free plasma DNA levels have been examined in a variety of tumor types and in different tumor types than esophageal cancer, and when larger numbers of patients have been examined, the statistical correlations seen in the current study have not always been consistent or reproducible. In response to these variations, other investigators have suggested the need to more specifically characterize the DNA in the plasma. For example, the quantity of a gene-specific DNA level or hypermethylated DNA level may be a more accurate prognostic marker than overall free plasma DNA levels. I would like to know if the authors have any plans or data using something like this to improve the accuracy of this marker and perhaps to hint at mechanisms and future therapeutic targets responsible for elevated plasma DNA levels.
Dr Banki: To answer question 1, there was no association between the plasma DNA level, tumor size, number of lymph nodes involved, and depth of tumor penetration. As Dr Talamonti mentioned, 12 of our patients had preoperative chemotherapy, and we included all those 12 patients in our study. In all those 12 patients, plasma DNA level was measured after chemotherapy was already given. Of the 12 patients who had preoperative chemotherapy, 11 had elevated plasma DNA levels. Seventy-five percent of these 12 patients had tumor penetration of T3 and above vs 7 patients who did not receive preop chemotherapy and all 7 had normal DNA levels. Four of these 7 without preop chemotherapy had a T3 lesion. So overall, we did not find any correlation with DNA level and depth of tumor. And this confirms the data from other studies, which showed no correlation with DNA level tumor size and depth of penetration.
As far as question number 2, we did not have access to the 12 patients who were referred to us after chemotherapy from other centers in the United States, so we did not have the pretreatment plasma DNA levels in those patients. But we are refining our study right now by measuring plasma DNA level in patients who have positive lymph nodes and are receiving postoperative chemotherapy. We have found that in patients who are responding to chemotherapy, plasma DNA level decreases, and in the patients who are not responding to chemotherapy, the plasma DNA increases. An example of those are the 2 patients who had disseminated esophageal cancer; despite chemotherapy, both patients had elevated plasma DNA at subsequent follow-up.
To answer the third question, we were planning to first evaluate the role of plasma DNA level in esophageal cancer and to better understand this phenomenon. Our goal was to identify a molecular marker that is easy to measure and to measure the global DNA increase in plasma in response to tumor. There have been studies, such as one by Jahr et al 30 mentioned in the paper that measured the DNA methylation, that have measured the loss of heterozygosity and microsatellite instability as tumorspecific DNA, but our focus was to measure the global DNA and begin to understand this phenomenon.
Jeffrey H. Peters, MD, Rochester, NY: Nicely done, Farzaneh, and really remarkable data. I can think of half a dozen ways to use it clinically if it turns out to be true. If plasma DNA doesn't correlate with tumor size or nodal status, what is it that is responsible for the findings? Is it the biology of the tumors? Is it the burden of the tumors? Or is it just the fact that the patient may harbor systemic disease that is causing the plasma DNA to go up? Do you have any insight into these issues?
Dr Banki: The plasma DNA doesn't seem to correlate with TN [tumor/node] status but correlates with M [metastasis] status, so in the presence of systemic metastatic disease, the plasma DNA level increases. The cause of this increase remains unknown. In the paper, we mentioned some theories that can explain the cause of this increase, but they are all hypotheses.
One of them is, as you mentioned, the pressure of a tumor on the surrounding tissue can cause cell death and increase the plasma DNA level, but in our study, there was no correlation with T level. Another theory is the host response to tumor, which may result in an increase in plasma DNA. Another is the release of tumor cells directly into the blood. Some studies have shown that one needs thousands and thousands of tumor cells in the blood for the DNA to be detectable. The mechanism of (REPRINTED) ARCH SURG/ VOL 142, JUNE 2007
